Functional nanoparticles comprised of liquid metals, such as eutectic gallium indium (EGaIn) and Galinstan, present exciting opportunities in the fields of flexible electronics, sensors, catalysts, and drug delivery systems. Methods used currently for producing liquid metal nanoparticles have significant disadvantages as they rely on both bulky and expensive highpower sonication probe systems, and also generally require the use of small molecules bearing thiol groups to stabilize the nanoparticles. Herein, we describe an innovative microfluidicsenabled platform as an inexpensive, easily accessible method for the on-chip mass production of EGaIn nanoparticles with tunable size distributions in an aqueous medium. We also report a novel nanoparticle-stabilization approach using brushed polyethylene glycol chains with trithiocarbonate end-groups negating the requirements for thiol additives whilst imparting a 'stealth' surface layer. Furthermore, we demonstrate a surface modification of the nanoparticles using galvanic replacement, and conjugation with antibodies. We envision that the demonstrated microfluidic technique can be used as an economic and versatile platform for the rapid production of liquid metal-based nanoparticles for a range of biomedical applications.
EGaIn and Galinstan are promising alternatives to mercury due to their negligible vapor pressure and low-toxicity, [1] and many applications have been suggested for such gallium-based liquid metals especially in the fields of microfluidic systems [2] and soft electronics. [3] 'Bottom-up' methods are most commonly used to synthesize nanoparticles via the nucleation and growth of particles from fine molecular distributions in liquid or vapor phases. [4] In contrast, gallium-based eutectic liquid metal alloys, such as eutectic gallium indium (EGaIn, m.pt. 15.5 °C) and gallium indium tin (Galinstan, m.pt. −19 °C), optimally form nanoparticles following a "top-down" method. Disruptive forces induced by acoustic or microfluidic devices have been utilized for overcoming the surface tension of bulk EGaIn and Galinstan liquid metals to form micro/nanosize particles within liquid phases. The rapid formation of a thin oxide layer on the surface of particulate liquid metals helps prevent coalescence back to the bulk materials. [5] Due to its superior electrical properties such as high conductivity and high hydrogen overpotential, numerous applications based on droplets of liquid metals have been explored including chemical sensors and soft circuit elements. [5b,5c] In addition, the presence of the oxide layer allows for the formation of liquid metal/metal oxide (LM/MO) frameworks, making the liquid metal particles useful for photocatalytic applications. [6] More importantly, such liquid metal nanoparticles are transformable upon the application of external stimuli such as change of pH and temperature, their application of smart drug delivery systems with a promoted drug releasing performance have recently been studied. [5d,7] High-power sonication probe systems have been commonly applied to induce acoustic forces for disrupting bulk liquid metals into nanoparticles. [5b,5d,5e,7a] In addition, micro to nano-sized EGaIn particles can also be produced using the droplet emulsion technique by shearing the liquid metal using a rotary tool in the presence of a carrier fluid. [8] In comparison to ultrasonic bath, sonication probe is able to produce a much larger power density and therefore, yielding a much higher efficiency for producing nanoparticles. [6c] However, sonication probe can lead to rapid heating induced by the intense power density, driving undesired oxidation, dealloying, and transformation processes of the liquid metal nanoparticles. [5e,6a,6c] Ideally, important parameters such as the size distribution of the nanoparticles should be controlled and modulated by changing power and sonication time. In practice, process dependent parameters are often just as influential on the product outcome, such as the position of the sonication probe, volume of liquid and reactor dimensions. Microfluidic systems possesses many advantages including low reagent consumption; precise control over process parameters such as flow velocity, shear stress, heat/mass transfer, and concentration of chemicals in microscale; as well as allowing for streamlined process by integrating multi-steps on a single chip, making them very useful for modulating critical stages required to produce nanoparticles in a highly controlled manner. [9] Moreover, thiolated small molecules or thiol compounds (molecular weight, MW ≤ 1000) are often used to stabilize the final liquid metal nanoparticles. [5d,10] Unfortunately, thiol groups have an unpleasant smell, are prone to oxidation, and often not suitable for direct use in biological systems as they foul readily. [11] Therefore, we have been impelled to design a manufacturing process that is simple, highly reproducible, inexpensive, small but easily scalable, and suitable for the production of stable and stealthy liquid metal nanoparticles. Consequently, we now report on an innovative microfluidicsbased system for efficiently producing EGaIn nanoparticles in aqueous media using a conventional ultrasonic bath. We also report on the use of trithiocarbonate-functionalized brushed polyethylene glycol (bPEG) with molecular weights of 5 to 20 kDa to graft the produced nanoparticles for imbuing both stability and stealth properties. Finally, we report on the modification and bio-functionalization of the surface of EGaIn nanoparticles using contiguous processes of galvanic replacement and antibody conjugation. The microfluidic manufacturing system is illustrated in Figure 1A . The polydimethylsiloxane (PDMS) microchannel is plasma treated and bonded onto a thin glass slide (24 × 50 × 0.1 mm) and immobilized using a polymethyl methacrylate (PMMA) holder. The role of the PMMA holder was to prevent any movement of the microchannel induced by acoustic waves during particle processing. The microfluidic chip has a T-junction with a width and height H of 500 and 50 µm, respectively, connected to a serpentine shaped channel with a width W and length L of 5 and 50 mm, respectively, as shown in the lower-left inset of Fig. 1A . The assembled system is illustrated in the upper-left inset of Fig. 1A . After construction, the integrated system was placed into an ultrasonic bath, as shown in Fig. 1B . The 1.3 L ultrasonic bath used in our study was equipped with a 65 W ultrasonic transducer set at a resonant frequency of 20 kHz. The tank was filled with 500 mL water and the microchannel was placed on the top of the transducer. The temperature of the water was maintained below 35˚C. Two syringe pumps were used for injecting the suspension medium and EGaIn into the T-junction, a 1.5 mL test tube was then used for collecting the product suspension at the outlet (Fig. 2B) . The cross-sectional view of the overall setup is given in Fig. 1C , in which it is evident that the thin glass slide is in intimate contact with the base of the tank thereby maximizing acoustic energy transferred into the microchannel to ensure optimal nanoparticle production efficiency.
A scheme illustrating the process of EGaIn nanoparticle production is shown in Fig. 1D . The Tjunction is widely used in microfluidics for producing microdroplets. However, EGaIn poses an extra challenge in microfluidics because of its large surface tension relative to water, that creates a significant barrier to microdroplet formation unless a high-viscous liquid is used. [5a] In this work, we synthesized bPEG polymers with molecular weights of 5 and 20 kDa using reversible addition-fragmentation chain transfer (RAFT) polymerization method to coat and stabilize the nanoparticles, [12] as detailed in Supporting Information S1. We used a bPEG (MW 5 kDa) solution with a concentration of 500 µM as the continuous phase at a dilution that minimized viscosity effects. We initially demonstrated that, EGaIn cannot be broken into microparticles at the T-junction even when a high flow rate ratio of 50 between the continuous and discrete phases was applied, as shown in Supporting Information S2. Consequently, we designed experiments to utilize additional oscillating shear forces induced by ultrasonic acoustic waves to break the bulk EGaIn into microdroplets at the T-junction, and subsequently to disrupt the particles further to nano-sizes when flowing through the microchannel towards the outlet (Fig. 1D ). The experimental results are illustrated in Fig. 1E , showing snapshots from a high-speed video clearly showing the production of EGaIn microdroplets at the T-junction when the flow rates of the bPEG solution and EGaIn were set at 50 and 1 µL/min, respectively. The formed microdroplets rapidly disrupted into smaller particles with the application of acoustic waves (also see Movie S1). This process produced a colloidal suspension containing a high concentration of EGaIn nanoparticles and the downstream microchannel exhibited opacity ( Fig. 1E ). Since the suspended nanoparticles are only exposed to high ultrasonic energy inside the microchannel for ~15 s before exiting the outlet, our system minimizes the chance for inducing dealloying and morphological transformation processes observed for EGaIn nanoparticles within aqueous media caused by oxidation of gallium metal due to the prolonged (> 5 min) exposure to high temperature (~70 ˚C). [5e,6a,6c] The bPEG polymers used in this work have a brush-like structure with carboxyl and trithiocarbonate termini. PEG chains have been widely used in nanoparticle engineering for improving stability, biocompatibility and imbuing an anti-biofouling coating to nanoparticles. [13] bPEG has some advantages over linear PEG as macromolecular structural features can be easily controlled using the versatility of living radical polymerization. [14] bPEG can also yield high grafting densities and can thus be advantageous in inducing stability and biocompatibility to nanoparticles. The proposed scheme for the interaction between bPEG and an EGaIn nanoparticle is depicted in Figure 2A , where the trithiocarbonate groups attach to the surface of EGaIn, forming a conjugated system to anchor bPEG chains on the surface of the liquid metal similar to the case reported for grafting gold nanoparticles using polymers with trithiocarbonate groups. [15] Using the microfluidic platform given in Fig. 1 , bPEG grafted EGaIn nanoparticles with sizes ranging from tens to a few hundreds of nanometers were produced, as shown by the scanning electron microscopy (SEM) data given in Fig. 2B . The produced nanoparticles were washed with DI water prior to SEM analyses. We conducted a control experiment using a glass vial for producing EGaIn particles utilizing the same bPEG polymer solution (i.e. in the absence of microfluidics). After 10 min sonication EGaIn particles were observed larger than 1 µm diameters, similar to the previously reported results, [6c] only a very small subset of liquid metal was disrupted into submicron or nano-sized particles, as shown in the Supporting Information S3.
The insets of Fig. 2B show the EGaIn nanoparticle colloidal suspensions obtained using both the microfluidic chip and the glass vial after removing larger particles using a centrifuge (800 RPM for 15 s). It is evident that the color of the suspension obtained from the microchannel is significantly darker than the one produced from the static glass vial experiment, indicating that a much higher yield of nanoparticle (measured concentration of ~50 mg/mL) was obtained using the microchannel when compared to the result achieved from the glass vial (~3 mg/mL). The significant enhancement of the nanoparticle production efficiency in a microchannel can be attributed to a number of factors including 1) the thin glass slide used in the experiment can transfer the acoustic energy from the transducer under the microchannel efficiently with less energy loss, and 2) the acoustic impedance mismatching between the bPEG solution and the PDMS further confines the acoustic energy within the microchannel to yield a much higher energy density, enabling the efficient induction of more severe vortices to break the liquid metal into smaller nanoparticles.
The surface of EGaIn nanoparticles is relatively smooth in the absence of bPEG, as shown in the transmission electron microscope (TEM) images given in Fig. 2C taken for the nanoparticles obtained when using DI water as the suspending medium. An oxide layer with a thickness of ~4 nm was observed on the surface of the EGaIn nanoparticles ( Fig. 2C) . Given that the oxide layer may grow with time due to the diffusion of oxygen, [16] our results from the convergent-beam electron diffraction (CBED) measurement clearly proof the liquidity of the cores for EGaIn nanoparticles with the diameters larger than 30 nm, as given in Supporting Information S4.
Interestingly, we observed a uniform coating of bPEG on the surface of the particles in the TEM images given in Fig. 2D when bPEG solution was utilized for producing nanoparticles. Such bPEG coatings can also be observed in the SEM images given in Fig. 2B , and were further evidenced by the X-ray photoelectron spectroscopy (XPS) spectrum obtained for the EGaIn nanoparticles shown in Fig. 2E ; peaks of Ga 2p, In 3d, O 1s, C 1s, and S 2p were detected, and the peaks of C 1s and S 2p could be contributed by the bPEG polymer coating. The inset of Fig.   2E shows the magnified spectrum for the S 2p peak. Interestingly, only one peak at ~163.5 eV for C─S bond was observed without the presence of the peak at ~162 eV for C=S bond; [17] this is probably due to the formation of surface interactions (see Fig. 2A ), where the signals for the sulfur atoms interacting with the liquid metal surface overlap with the C─S bond not interacting with the liquid metal. We further conducted energy-dispersive X-ray spectroscopy (EDS) mapping for a single and a cluster of the produced nanoparticles to show the distribution of gallium, indium, oxygen, and sulfur, as well as the presence of oxide and bPEG layers on their surface, as shown in Supporting Information S5.
The hydrodynamic size D of the EGaIn nanoparticles was measured using a dynamic light scattering (DLS) system and the data is given in Fig. 1F ; the peak size is found at ~400 nm, and the average size of the produced nanoparticles is ~350 nm. We conducted a series of experiments to examine the stability of the product nanoparticles in aqueous based solutions, as shown in Fig.   2G . We found that the nanoparticles are unstable and quickly aggregate in DI water, precipitating onto the bottom of the test tube only 1 h post-production. In addition, the yield of the nanoparticle production is low in DI water (~4 mg/mL) due to their rapid aggregation, and therefore, a smaller yield of nanoparticles could be suspended after centrifuging. In contrast, the yield of EGaIn nanoparticles is much higher when using bPEG polymer (MW of 5 kDa) solution at a concentration of 500 µM (Fig. 2G ). We found that the nanoparticle suspension was more stable when using bPEG with a larger molecular weight (20 kDa) , and this was corroborated by minimal nanoparticle precipitation 48 hours after production when compared to similar experiments using bPEG with a MW of 5 kDa (Fig. 2G ). When we conducted the DLS measurements on the suspensions 48 h after production, we observed a change in the hydrodynamic size distributions as the nanoparticles increased in size. This change was caused by the oxidation of liquid metal to form elliptically shaped nanoparticles within water, as shown in the SEM images given in Fig. 2H taken for the nanoparticles 48 hours after production. We found that most of the EGaIn nanoparticles were oxidized, and the obtained EDS spectrum clearly indicates the oxidation of the nanoparticles, as given in Supporting Information S4. Such an oxidation process within the aqueous medium can lead to the formation of GaOOH nanoparticles, and Ga2O3 can be obtained after a dehydration and heating process. [6a] Whilst GaOOH and Ga2O3 nanoparticles have application as photocatalysts, [2b,6b,6c] such oxidation process may be disadvantageous for the stability and functionality of EGaIn nanoparticles in aqueous environments when considering biological applications. In order to overcome this limitation, we discovered that nanoparticle oxidation could be inhibited by adding a small amount of trisodium citrate (final concentration of 300 µM) into the final EGaIn colloidal suspensions. Trisodium citrate is widely used as an antioxidant in the food industry with negligible toxicity. The stability of the produced EGaIn nanoparticle suspension was significantly improved (Fig. 2G) and no oxidation was observed, as evidenced by the SEM image taken 48 h after production ( Fig. 2I) . We further elongated the testing period to 20 days and discovered that the nanoparticle suspension could be readily re-suspended with no oxidation of nanoparticles observed, as shown in Supporting Information S5.
Our strategy for stabilizing the produced EGaIn nanoparticles represents a significant advance in comparison to previous reports that present studies that described the production of EGaIn nanoparticles in ethanol, using thiol-functionalized small molecules for stabilization. [5d,10] In comparison, our method avoids the use of ethanol, which is less favorable for biological applications due to its relatively strong cytotoxicity. Our application of trithiocarbonate groups for nanoparticle anchoring avoids the use of thiol groups that induce unpleasant odors and are prone to oxidation reactions. In addition, nanoparticles stabilized by steric repulsion between large conjugated molecules (bPEG in this work) are much more stable in biological buffers. Following our initial studies on the production mechanism and stability of the EGaIn nanoparticle suspensions in various media, we now describe our work on optimizing the microfluidic platform to control the nanoparticle size distribution. As depicted in Fig. 1D the EGaIn nanoparticle production originates from the microdroplets disrupted at the T-junction along the microchannel. We hypothesized that smaller size nanoparticles could be produced by increasing the length of the microchannel to enhance the acoustic energy applied to the suspension thereby overcoming surface tension forces. Using the bPEG (MW of 20 kDa) solution with a concentration of 500 µM, we examined this hypothesis by conducting experiments using microchannels with the same W and H of 5 and 0.05 mm, respectively, but different lengths of 10, 50, and 100 mm. The flow rates of the bPEG solution and EGaIn were set at 50 and 1 µL/min, respectively. The hydrodynamic size D distributions generated by these experiments are given in Figure 3A , where it is evident that there is a shift in the distribution towards smaller particle sizes when a longer channel was used. The inset of Fig. 3A shows that the average D was reduced from ~400 to ~250 nm when L was increased from 10 to 100 mm.
We further investigated the effect of the channel width W on the size distribution of the nanoparticles. We obtained the distribution, D, using microchannels with the same length of 10 mm and different widths of 1, 3 and 7 mm, as shown in Fig. 3B (schematics of the microchannels are given in the insets). We noted two peaks in the distribution (~200 and 700 nm) when a narrow channel of 1 mm was used; the two peaks merged into one after increasing the width W of the channel. This phenomenon can be attributed to the fact that liquid metal particles travel slower inside the channel with a larger W and therefore, experience more acoustic energy for generating smaller particles. The hydrodynamic size distribution of the nanoparticles can be further controlled using centrifugal force, and we examined this method by centrifuging the suspension with different rotational speeds from 1000 to 3000 RPM for 3 min, as shown in Fig. 3C . We can now see that a narrow distribution of the nanoparticles with the peak shifted towards smaller sizes could be achieved by increasing the speed from 1000 (corresponding to ~67 g-force) to 3000 RPM (corresponding to ~604 g-force). The insets of Fig. 3C show the obtained suspensions after centrifuging at different speeds, and the yield of EGaIn nanoparticles decreased from ~40 mg at 1000 RPM to ~15 mg at 3000 RPM. Surface functionalization is central to any significant advances in the application of nanomaterials, especially in fields such as pharmaceutical and biomedical sciences. To achieve successful functionalization we firstly investigated the galvanic replacement of the surface of EGaIn nanoparticles with silver (Ag). In addition to conventional electronic, photonic, antimicrobial, and disinfectant applications for Ag nanoparticles, research has also shown the emergence of the use of Ag nanoparticles in biomedical applications such as biosensors, [18] photothermal therapy, [19] and drug delivery. [20] The chemical reaction is straightforward that Ga is oxidized in the presence of Ag + ions that have a higher reduction potential, and consequently Ag + ions will be reduced to the metallic state at the surface of EGaIn. We added 20 µL of EGaIn nanoparticles grafted with bPEG (20 kDa) into 1 mL AgNO3 solution (concentration of 100 µM), and we observed the formation of Ag nanoparticles with a size of ~10 nm on the surface of EGaIn particles, uniformly coating the surface of EGaIn and forming nano-sized liquid metal marbles, [21] as shown in the SEM and TEM images given in Figure 4A . We found that the size of the reduced Ag nanoparticles increased to ~50 nm when an AgNO3 solution with a higher concentration of 1000 µM was used, as shown in the SEM and TEM images given in Fig. 4B .
The EDS spectrum for the Ag coated EGaIn nanoparticles produced using different concentrations of AgNO3 are given in Fig. 4C . In principle both Ga and In can be oxidized when in contact with AgNO3, however, since Ga has the lowest standard reduction potential it is more likely to be replaced by Ag + . This is confirmed by the EDS spectrum, showing the consumption of Ga is more rapid at increased concentrations of AgNO3, which is consistent with previously reported results using bulk Galinstan liquid metal material. [6b] The inset of Fig. 4C shows the obtained EGaIn-Ag nanoparticle suspensions when reacting with AgNO3 solution with concentrations ranging from 10 to 1000 µM. Interestingly, we observed a colour change of the suspensions from light yellow to dark grey when increasing the concentration of AgNO3. We obtained UV-VIS spectra for these suspensions and the results are given in Supporting Information S6.
We already demonstrated that the coated bPEG molecules are able to stabilize the EGaIn nanoparticles in aqueous media, and we postulated that further bio-functionalization of the nanoparticles could be possible exploiting the presence of carboxyl group on the bPEG chains.
We conducted a proof-of-concept experiment to couple fluorophore-labelled antibody to the bPEG grafted EGaIn nanoparticles, as depicted in Fig. 4D , where 1-Ethyl-3-(3dimethylaminopropyl)carbodiimide (EDC)-mediated crosslinking method was used. In brief, EDC (final concentration of 5 mM) was firstly added into 100 µL of the produced EGaIn nanoparticle suspension to react with carboxylic acid groups on the bPEG to form an active Oacylisourea intermediate. The suspension was washed with DI water 30 min after the reaction and 2 µL of fluorophore labelled anti-rabbit IgG solution (concentration of 2 mg/mL) was added to the washed nanoparticle suspension to allow for the displacement from primary amino groups on the antibodies to form amide bonds with the carboxyl groups on bPEG. The nanoparticles were later washed with DI water several times and we examined the functionalization using a fluorescence spectrophotometer. The obtained emission spectra for the fluorophore labelled antibody solution, bare EGaIn nanoparticle suspension, and antibody-functionalized EGaIn nanoparticle suspension are given in Fig. 4E . The antibody solution has an emission peak at ~600 nm and the presence of such a peak for the spectrum obtained with the antibody-conjugated EGaIn nanoparticle suspension clearly proved the success of functionalization. The insets of Fig.   4E show the bright field and fluorescent images taken by a fluorescent microscope for the dry antibody-functionalized EGaIn nanoparticle cluster, in which we can clearly see the bright orange-coloured fluorescent light emitted from the nanoparticles. The success of the antibody functionalization is further evidenced by the shifting of the DLS distribution peak towards the larger size by ~20 nm after conjugation, as shown in Supporting Information S9. In summary, we describe a microfluidic-based system for on-chip production of EGaIn liquid metal nanoparticles in aqueous media with a high efficiency using acoustic-wave-induced forces.
Such a system is simple and can be readily adapted in any labs equipped with inexpensive ultrasonic baths without the need of conventional bulky and expensive high-power sonication probes. Additionally, the size distributions of the produced EGaIn nanoparticles can be easily tuned by adjusting the dimensions of the microchannels dependent on requirements. Most importantly, we discovered that bPEG polymer with trithiocarbonate groups can be used for grafting the surface of EGaIn liquid metal, forming conjugated systems to stabilize the produced nanoparticles directly in aqueous media. Moreover, we also resolved the issue of previously reported oxidation of liquid metal nanoparticles in water simply by adding a small amount of trisodium citrate into the produced suspension. Based on the excellent results obtained for the production and stabilization of EGaIn nanoparticles, we discovered that the uniqueness of the liquid metal itself allows for the further modification of the surface simply by galvanic replacement with noble metals such as Ag. Furthermore, the grafted bPEG molecules allow for further bio-functionalization by forming amide bond with other desired molecules. Thus, the simplicity and versatility of the developed production platform, together with the functionality of the produced EGaIn nanoparticles, will certainly offer the potential of new opportunities for developing future liquid metal-enabled systems for innovative biomedical applications such as biosensors, [22] and photothermal/electric field induced intracellular delivery. [23] 
Experimental Section
Polymer Synthesis: See Supporting Information S1.
Chemicals, Reagents, and Preparation: EGaIn liquid metal, trisodium citrate, DMSA, and AgNO3 powder were purchased from Sigma Aldrich, Australia. The fluorophore conjugated donkey anti-rabbit IgG (ab175470) was purchase from Abcam, USA. The ultrasonic bath (1.3 L, 20 kHz, 65 W) was purchase from JIETAI Manufacture Ltd., China.
Fabrication and Characterization: PDMS microchannels were fabricated using standard photolithography techniques. [2c] SEM images were obtained using a JEOL JSM-7500FA scanning electron microscope. TEM images were obtained using a JEOL JEM-2011 transmission electron microscope. EDS mappings were conducted using JEOL JEM-ARM200f scanning transmission electron microscope. PMMA frames and magnet holder were fabricated using a CO2 laser engraving system (Versa Laser System, Model VLS3.50, Universal Laser System, Ltd.). A zeta-sizer (Zetasizer Nano ZS, Marvern Instrument, USA) was used to measure the size distribution of the obtained EGaIn nanoparticles. The concentration of the EGaIn nanoparticles was measured by weighing the dried suspensions. UV-VIS spectra was obtained using a UV/VIS Spectrophotometer (Uv-5200Pc, Metash instrument Co., Ltd, China). The fluorescent emission spectra were obtained using a fluorescence spectrophotometer (Cary Eclipse 500, Agilent Technologies, USA).
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Supporting Information is available from the Wiley Online Library.
